An attempt has been made to synthesize nanocrystalline lithium-nickel ferrites with a compositional formula Li 0.5−0.5x Ni x Fe 2.5−0.5x O 4 (where = 0.0 to 1.0 with step of 0.2) by a low temperature citrate gel autocombustion method. Single phase cubic structure is confirmed by X-ray diffraction analysis. This result demonstrates that the prepared samples are homogeneous and the sharp peaks reveal that the samples are in good crystalline form. As the Ni concentration is increased, various interesting changes in the values of the structural parameters like lattice parameter, X-ray density, bulk density, and porosity have been observed. The surface morphology of the prepared samples was studied using scanning electron microscopy (SEM). The DC resistivity measurements were carried out using two-probe method from 200 ∘ C to 600 ∘ C. The variation of log( ) with reciprocal of temperature shows a discontinuity at Curie temperature. log( ) versus 1/ plot of the pure lithium ferrites is almost linear which indicates the Curie temperature of the pure lithium ferrites was beyond our measured temperature. The dielectric properties of these ferrites have been studied using a LCR meter from the room temperature to 700 K at various frequencies up to 5 MHz, which reveals that all the prepared samples have dielectric transition temperature around 600 K.
Introduction
The spinel magnetic ferrites have generated considerable interest among the researchers all across the world, due to their unique and versatile properties. Novel electrical and magnetic behaviors are observed for the nanosized magnetic particles when compared to that of the bulk counterparts [1] . In the early days, garnets were used for microwave devices where they have high value of electrical resistivity and low dielectric losses. But because of low Curie temperature, high stress sensitivity, and high cost of the garnets, they are rarely used. Recently, spinel ferrites are often used in place of garnets. Lithium ferrites and substituted lithium ferrites have become important materials for the microwave applications such as in circulators, isolators, and phase shifters due to their high resistivity, low dielectric losses, high Curie temperature, square hysteresis loop, and low cost [2] [3] [4] [5] [6] .
In the inverse spinel lithium ferrite structure, Li 0. 4 , where parentheses and square brackets indicate the ion distribution on tetrahedral (A-site) and octahedral (B-site) sites, respectively [7, 8] .
The diverse properties of spinel lithium ferrites originate from their ability to incorporate a variety of transition metal cations into their lattice, causing a subsequent change in their structural, optical, magnetic, and electrical properties [9, 10] . The observed changes in these properties are brought about by a redistribution of cations among the tetrahedral and octahedral sites of the ferrite sublattice. The substitution of various metal ions into the lattice of the lithium ferrite gives rise to materials with new and interesting properties. This is because the degree of inversion in the substituted lithium ferrites and, therefore, their properties are found to be strongly dependent on the preparation conditions (method of preparation, sintering time, sintering temperature, pH value, etc.), amount of the substituent and type of substitution, and so forth. The DC electrical conductivity of ferrites is one of the important properties, which gives the valuable information about the conduction mechanism. Moreover, electrical conductivity has a significant effect on the dielectric polarization in the spinel ferrites. Several methods are used for synthesizing nanosized spinel ferrites such as coprecipitation, sol-gel, microemulsion, hydrothermal, citrate gel, and reverse micelle methods [11] [12] [13] . In the preparation of lithium based ferrites, low temperature sintering is needed to suppress lithium volatility and oxygen loss during sintering. Many researchers proposed the citrate gel method is a simple route to synthesize materials in the nanocrystalline form due to lower sintering temperature. Several investigations on the properties of the Li-Cd [14] , LiZn [15] , and Li-Mg [16] ferrites have been reported. Mazen and Elmosalami [17] and Bhatu et al. [18] have synthesized nickel substituted lithium ferrites by ceramic method with high sintering temperature. However there are no detail reports on Ni substituted lithium nanoferrites prepared by citrate gel autocombustion method with low sintering temperature.
In the present study, we report the synthesis of nickel substituted lithium nanoferrites by nonconventional citrate gel autocombustion method; XRD studies of prepared samples, SEM micrographs, temperature dependent DC conductivity studies, and the dielectric properties of these ferrites from the room temperature to 700 K at various selected frequencies up to 5 MHz have been studied.
Experimental Techniques
Nanocrystalline nickel substituted lithium ferrites having the chemical formula Li 0.5−0.5x Ni x Fe 2.5−0.5x O 4 (where = 0.0 to 1.0 with step of 0.2) were synthesized using citrate gel autocombustion method. This method has certain inherent advantages like low processing temperature (200 ∘ C), good stoichiometric control, and homogeneous distribution of reactants and production of ultrafine particles with narrow size distribution. In this citrate gel autocombustion method, metal nitrates act as oxidizing agents and organic fuels as reducing agents [19, 20] . The various powder properties can be systematically tuned by altering the oxidant to fuel ratios. In present study fuel to oxidizing ratio was maintained at unity. The detailed synthesis process is represented in Figure 1 .
The stoichiometric amounts of ferric nitrate (Fe(
, and citric acid (C 6 H 8 O 7 ⋅H 2 O) (all chemicals are S.D. Fine-Chem Limited) were weighed and dissolved separately in minimum amount of distilled water. All the individual solutions were mixed together and then the ammonia solution was slowly added to adjust the pH value at 7. The proliferation of nitrate ions at low pH value is likely to decrease the enthalpy of exothermic reaction by decreasing the fuel to oxidizing ratio. Thus, the rate of combustion reaction decreases and particles agglomerate [21] so the pH value of the solution was maintained at 7, to avoid the agglomeration and preserve the stoichiometry. The resultant solution was kept on a hot plate magnetic stirrer at 100 ∘ C till gels were formed; after that, increasing the temperature up to 200 ∘ C, the gels self-ignited in an autocombustion manner till whole citrate complex was consumed to yield nanoferrite powders. The as synthesized ferrite powders were annealed at 500 ∘ C for 4 hours in a muffle furnace [22] .
The structural characterization of the synthesized samples was carried out by Philips X-ray diffractometer (Model 3710) using Cu K radiation of wavelength 1.5405Å at room temperature by continuous scanning in the range of Bragg's angles 5
∘ to 80 ∘ in steps of 2 ∘ /min to investigate the phase and crystalline size.
The average crystalline size of the ferrites was determined from the measured width of their diffraction pattern using Debye Scherer's formula
where is the wavelength of the X-ray used for diffraction and is the full width half maximum (FWHM) in radians.
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The lattice constant was calculated using the following relation:
The X-ray density ( ) has been calculated according to the relation
where = molecular weight of the sample. is the lattice parameter and is the Avogadro number.
The volume of the unit cell = 3 . The experimental density of the prepared sample was calculated by Archimedes' principle with xylene media using following relation:
where air is weight of the sample in air, xylene is the weight of the sample in xylene. Porosity of the ferrite sample was then determined by employing the relation
The powders of different compositions were pressed into disc shaped pellets of 13 mm diameter by applying a pressure of 2.5 × 10 8 N/m 2 . Silver coating was done on adjacent faces of circular disc shaped pellets to have good ohmic contact and also to make parallel plate capacitor geometry with ferrite material as a dielectric medium.
The DC electrical conductivities of nanoferrite materials were measured by two-probe technique in the temperature range 473-873 K. The measurements were recorded in the steps of 10 K.
The dielectric parameters like dielectric constant ( ) and dielectric loss tangent (tan ) were measured using Agilent E4986A precession LCR meter in the temperature range 313 K-723 K at selected frequencies (7.5 kHz, 30 kHz, 600 kHz, 1 MHz, 3 MHz, and 5 MHz) up to 5 MHz frequency.
The dielectric constant of prepared sample was calculated using the following relation:
where is the capacitance of the pellet, is the thickness of the sample pellet, is the cross section area of pellet, and is the free space permittivity. 
Results and Discussion

Structural Analysis.
The structural study is essential for optimizing the properties needed for various applications. 2) sintered at 500 ∘ for 4 hours was shown in Figure 2 . The XRD patterns of the calcined Li-Ni nanoferrite powders (shown in Figure 2 ) confirm the formation of a single phase cubic spinel structure with no extra impurity diffraction lines. The strong diffraction from the (220), (311), (400), (422), (511), and (440) planes confirms the pure spinel phase of the annealed ferrites [23, 24] . The XRD pattern perfectly matches with the standard pattern with JCPDS reference code 00-013-0207.
The average crystallite size of the prepared nanoferrite samples was in the ranges from 39 to 49 nm for different doping levels of the Ni +2 ions (Table 1 ). The lattice constant ( ) is found to be increased with the increasing of the Ni +2 ion concentration (Table 1) . This is obvious because Ni +2 ions have the larger ionic radii (0.78Å) than that of Li +1 ion (0.76Å) and Fe +3 ion (0.67Å) and obey Vegard's law [25, 26] . The substitution by the larger ions results in expansion of lattice. An increase in the lattice parameter when Li and Fe were replaced by Ni, as observed in the present work, is therefore expected. The observed deviation in the value of lattice parameter can be attributed to the rearrangement of cations in the nanosized Li-Ni ferrites consequent to the sintering process.
X-ray density values of the Li-Ni nanoferrites were increased with increasing the Ni concentration because molecular weight of the samples increases with increasing the Ni composition. It is noted that X-ray density of each sample ( ) is greater than the corresponding bulk density ( ) which is an evidence of the presence of pores in the samples.
The surface morphology of the Li-Ni nanoferrite particles sintered at 500 ∘ C was examined by scanning electron 4 Physics Research International 
where is the conductivity, is the conductivity at absolute temperature, is Boltzmann's constant, and is the temperature. The phenomenon of phase transition, cation migration, cation reordering, the presence of impurities, and magnetotransport effects are considered to be responsible for the temperature dependence on the electrical conductivity of the prepared ferrite samples.
The variations of the electrical conductivity (log ) with inverse of temperature (1000/ ) were shown in Figure 4 . The conductivity of the ferrite samples increases with increasing the temperature. That is, temperature increases and resistivity of the ferrites was decreased, indicating the semiconducting behaviour. All the plots (except pure lithium ferrites) of electrical conductivity (log ) versus 1000/ yield a change in slope at a particular temperature. This change in slope occurs while crossing the Curie temperature (the temperature at which the ferromagnetic material changed to paramagnetic). The discontinuity at the Curie temperature was attributed to the magnetic transition from well-ordered ferromagnetic state to disordered paramagnetic state which involves different activation energies. The values of the electrical resistivity and thermal activation energies of the prepared samples at ferromagnetic region and paramagnetic region were given in Table 2 .
It is observed that the activation energy in the ferromagnetic region is smaller than the paramagnetic region; this is due to the effect of spin disordering.
Some workers have reported three regions of conductivity [26] [27] [28] [29] of which the first region has been attributed to the presence of impurities, second region was due to the phase transition from tetragonal structure to cubic structure, and the third one was due to the ferromagnetic to paramagnetic change. The electrical conductivity of ferrites can be explained on the basis of the Verwey and de Boer mechanism [30] which involves the exchange of charge carriers, that is, electrons between the ions of the same element that are present in more than one valence state (Fe +2 , Fe +3 ), distributed randomly over the crystallographic lattice sites. The Fe +2 ion concentration is a characteristic property of nanoferrites and it depends on several factors such as sintering temperature/time and atmosphere and annealing time including the grain structure. Some amount of Fe +2 ions is also formed due to possible evaporation of Li ions during the sintering [28] . Sintering of lithium ferrites is therefore carried out at relatively lower temperature (500 ∘ C) in order to avoid lithium loss during sintering.
The variation of DC electrical resistivity at 200 ∘ C with Ni composition in the Li ferrites is given in Table 2 . The DC resistivity of the all the samples was observed to be in the range 1.24 × 10 7 -9.21 × 10 8 Ω-cm. Compositionally decrease in the DC resistivity of Li-Ni ferrites with increasing the Ni concentration was observed. The overall higher values of resistivity obtained for the ferrites can be attributed to the small grain size and better compositional stoichiometry with reduced Fe +2 formation as a result of low temperature processing by the citrate gel method [31, 32] .
Dielectric Properties.
The dielectric constant and DC electrical resistivity of ferrites are very important parameters from the application point of view. These two parameters are electrical properties and exchange of electrons between the Fe +2 and Fe +3 ions is responsible for these mechanisms which results in local displacement of charges responsible for the polarisation in ferrites. The dielectric constant ( ) and dielectric loss tangent (tan ) were found to be dependent on the variation of external factors such as temperature and frequency. The variation of dielectric constant ( ) and dielectric loss tangent (tan ) with respect to selected frequencies and temperature in the range of 300 K to 700 K has been investigated.
The variation of dielectric constant ( ) and dielectric loss tangent (tan ) for all prepared ferrite samples with temperature has been studied at different frequencies as shown in Figures 5(a) and 5(b) .
It is observed that the dielectric constant ( ) and dielectric loss tangent (tan ) of prepared samples were increased with increase in temperature for all selected frequencies. The increase in temperature of the sample thermally activates the charge carrier, increasing the electron exchange interaction which results in increasing the dielectric constant values of 
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300 400 500 600 700 800 the ferrites. It is observed that there are four major contributions for polarisation in ferrites. They are electronic, atomic, dipolar, and interfacial polarisations [33] . Electronic and atomic polarisations are important at high frequencies and are independent of temperature while remaining two are important at lower frequencies and dependent on temperature. By increasing the temperature interfacial polarisation is increased and dipolar polarisation decreases. The increase in dielectric constant with increase in temperature at low frequency may be due to the interfacial polarisation. From Figure 5 (a) it can be noticed that the dielectric constant ( ) values increase rapidly in the low temperature range ( < 600 K), whereas in the high temperature range ( > 600 K) dielectric constant ( ) reaches a stable value (Resonance peak); after that it starts to decrease with increasing the temperature. For the low temperature range ( < 600 K), the polarisation is increased by the electric field and also by increasing the number of charge carriers (electrons) which are increased with temperature; hence the increase in the dielectric constant ( ) at low temperature range ( < 600 K) is due to increase in both temperature and frequency. For the high temperature range ( > 600 K), the saturation in the generation of charge carriers is reached. Therefore the electron exchange between the ions of the same element that are present in more than one valence state (Fe +2 , Fe +3 or Ni +2 , Ni +1 ) cannot follow the field variation and hence dielectric constant decreases [34] . The temperature at which the resonance peak appeared is observed to be shifted towards the higher temperature as the frequency is increased [35] . The variation of loss angle tangent (tan ) of the prepared sample as a function temperature at different frequencies has also been investigated and an increase is observed just as the dielectric constant ( ) curve. This variation of loss tangent with temperature curve can be understood on the basis of Debye's equation for loss given as [33] .
The compositional dependence (Ni concentration) of the dielectric constant ( ) and dielectric loss tangent (tan ) of prepared samples at 323 K and at 75 kHz is shown in Figure 6 . It can be observed that the dielectric constant ( ) value of the prepared samples was increased from = 0.0 to = 0.6 and then decreased. It can be attributed to the effect of simultaneous contributions of different factors such as grain size, density, porosity, and cation distribution. The initial increase in dielectric constant ( ) when Ni content increases from = 0.0 to = 0.6 coincides with the increase of grain size from Table 1 [36] . After that the cation distribution becomes the predominant factor in decreasing the dielectric constant ( ) with Ni content since the decrease of hole hoping becomes greater than the increase of electron hoping in the B-sites. For the same reasons it can be observed that the variation of loss tangent of the prepared samples with Ni content has almost the same trend in inverse manner. From all these results, it can be concluded that doping of Li nanoferrites with Ni ions leads to improvement in their dielectrical properties especially in the sample at = 0.6 and these compositions make promising materials for microwave applications.
The variation of dielectric constant ( ) and dielectric loss tangent (tan ) of prepared samples at = 0.4 with frequency at different temperatures has been investigated in Figure 7 .
It is observed that dielectric constant ( ) of prepared samples was decreased rapidly in the low frequency region and decrease is quite slow in the high frequency region; that is, dielectric constant is almost independent of frequency (shown in Figure 7(a) ). This dielectric behaviour of ferrites was explained by Koops' theory [37] . According to this model, dielectric medium is assumed to be made up of highly conducting grains surrounded by nonconducting grain boundaries. The grain boundaries are more effective at low frequencies and grains are more effective at the higher frequencies. As the grain boundaries having the large resistance, the charge carriers (electrons) pile up there and produce large space charge polarisation which results in large value of dielectric constant at low frequency region. And further increasing the frequency, the charge carriers (electrons) change their direction of motion due to the fact that this accumulation of charge at the grain boundary decreases which results in the decrease of dielectric constant. From the figures it is also observed that dielectric constant values increase with increase in the temperature in the low frequency region because electron exchange between the Fe It is observed that the dielectric loss decreases with frequency because the jumping frequency of charge carriers cannot follow the frequency of the applied field after certain frequency.
This figure also shows that the dielectric loss of the prepared samples increases with increasing the temperature because of the enhanced hopping of thermally energized electrons. Figure 8 shows the variation of dielectric constant at 75 kHz with temperature range 323 K-723 K for all ferrite samples. It can be observed that the dielectric constant of all the ferrite samples increases with increasing temperature up to certain temperature; after this temperature dielectric constant of the prepared samples is going to decrease; that temperature is known as dielectric transition temperature [38] . The decrease in the value of dielectric constant takes place when the jumping frequency of the electrons cannot follow the frequency of the applied electric field. From Figure 8 it is observed that dielectric transition temperature range is found to be in the 600 K-680 K for all prepared samples of Li 0.5−0.5x Ni x Fe 2.5−0.5x O 4 system [39] . It is also observed that the slope variation in the Arrhenius plots (other than Curie point) was in the same temperature range only for all samples.
Conclusions
All the Li-Ni ferrites samples prepared by low temperature autocombustion method and single phase were confirmed through XRD analysis. The experimental results revealed that the lattice parameter, X-ray density of the prepared ferrite samples, increases with increase in Ni-substituted concentration and the grain size is also in the nm range only. DC electrical resistivity of the prepared samples decreases with increasing in the temperature which shows the semiconducting behaviour of nanoferrites. It is observed that the discontinuity in the log( ) versus 1000/ graph shows Curie point of the prepared ferrite samples. Curie temperature of
